Changes in the conformations of conjugated molecules affect the optical and electronic properties significantly. Hydrostatic pressure has been used to probe the conformations of biphenyl (C 12 H 10 ) and deuterated biphenyl (C 12 D 10 ) at liquid-helium temperatures. Infrared ͑IR͒ spectra of these materials have been taken up to a pressure of 2 GPa. A disappearance of certain IR absorption peaks has been found to occur between 0.07 and 0.45 GPa, due to the phase transition from a twisted to a planar conformation. Numerical simulations together with group-theoretical analysis have been performed to identify the nature of the vibrational modes that lose IR activity upon planarization.
I. INTRODUCTION
With the recent advances in organic light-emitting diodes 1 and lasers, 2 organic materials have received attention for optoelectronic device applications. In conjugated polymers, the -electrons are delocalized along the molecule, resulting in band gaps in the visible region of the spectrum. The conformations of conjugated molecules affect the optical properties significantly. 3 As molecules transform from twisted to planar conformations, the overlap betweenelectrons on neighboring rings increases, resulting in a redshift of the band gap. The application of hydrostatic pressure is an excellent means for probing the vibrational, structural, and optical properties of conjugated molecules. 4 Raman spectroscopy has been used to investigate the planarization of para-hexaphenyl. 5, 6 Combined experimental and computational studies of biphenyl showed a redshift in the optical spectra due to conformational changes. 7 Polyphenyl molecules, such as biphenyl, undergo a phase transition in which the molecules transform from a twisted to a planar conformation. In biphenyl, the phase transition has been studied by the methods of electronic absorption and emission; 8 neutron, 9 x-ray, 10 Brillouin, 11 and Raman scattering; 12 nuclear magnetic 13 and electron paramagnetic resonance.
14 In these studies it was found that such a transition occurs when either temperature 8 -11,13 or pressure 12 rises above certain critical values. In Ref. 12 , however, only torsional lattice modes were observed experimentally. In the present work we analyze the behavior of the internal hydrogen modes in biphenyl under pressure.
It is now known that the biphenyl has, in fact, two incommensurate phases, II and III. In both of these phases, the phenyl rings are twisted, [15] [16] [17] but the angle of the twist is modulated through the crystal structure. The difference between the modulation vectors distinguishes the two phases. At atmospheric pressure the transition from high-temperature phase I to phase II occurs at Tϭ40 K, and from phase II to phase III at Tϭ17 K. The critical pressures at liquid helium temperatures are approximately 0.18 and 0.05 GPa, respectively. Our experimental technique is sensitive to the transition from phase II to phase I, when the molecules transform from a twisted to a planar conformation. This pressureinduced ''flattening'' leads to the novel observation that certain peaks in the IR spectrum disappear.
Recently we reported the flattening of para-quaterphenyl under hydrostatic pressure, and the transition point was determined to be between 0.7 and 1 GPa at liquid-helium temperatures. 18 The phase transition in para-quaterphenyl resulted in the disappearance of five infrared ͑IR͒ absorption peaks in the spectral range corresponding to hydrogen outof-plane bending modes. A group-theory analysis supported the supposition that certain IR peaks disappear upon planarization. However, there was an uncertainty about the character of motion of atoms within the molecule for those modes that lose IR activity in the planar conformation.
In order to resolve these problems, a new series of experiments was performed on biphenyl and deuterated biphenyl. The substitution with deuterium provides additional spectroscopic information, in order to determine the exact identities of the vibrational modes. One may expect that a biphenyl molecule under pressure behaves similarly to that of para-quaterphenyl. The smaller number of atoms in biphenyl, as compared to para-quaterphenyl, is advantageous for ab initio calculations. In this paper, experimental and grouptheoretical results for biphenyl and deuterated biphenyl are presented, as well as the results of numerical simulations of the IR spectra for these molecules.
II. EXPERIMENT
To generate pressures up to 2 GPa, we used a pistoncylinder diamond-anvil cell. 19 Type-I diamonds with culet diameters of 700 m were used. After a 250-m thick stainless steel gasket was indented to a thickness of 100 m, a 340-m diam hole was drilled in the center of the indentation. Nitrogen was used as a pressure medium and was loaded into the gasket hole, along with the sample, by liquid immersion. 20 To determine the pressure at liquid helium tem-peratures, we measured the IR absorption peak of the 3 vibrational mode of isolated carbon dioxide impurities in the solid nitrogen matrix. 21 Mid-IR absorption spectra were obtained with a Bomem DA8 vacuum Fourier transform IR spectrometer with a KBr beamsplitter. The samples were kept at a temperature of 8 K in a Janis continuous-flow liquid-helium cryostat with wedged zinc selenide windows. The spectral range was 500-5000 cm Ϫ1 and the instrumental resolution was 2 cm Ϫ1 . The type-I-diamond absorption band prevented measurements between 1100 and 1400 cm
Ϫ1 . An off-axis parabolic mirror and light-concentrating cone focused the light through the first diamond and onto the sample. The light then passed through the second diamond and onto a Ge:Cu photoconductor detector. After a spectrum was measured, the diamond-anvil cell was warmed to room temperature and the pressure was adjusted.
Two samples were investigated. First, protreated biphenyl (C 12 H 10 ), hereafter referred to simply as biphenyl, was measured. Second, deuterated biphenyl (C 12 D 10 ), or biphenyl-d 10 , was measured. In the latter sample, every hydrogen was replaced by a deuterium, with an isotopic purity of 98%. 22 The IR spectra for biphenyl are shown in Fig. 1 and spectra for deuterated biphenyl are shown in Fig. 2 .
Peaks that disappear at high pressures are indicated by arrows. The spectral range from 500 to 1100 cm Ϫ1 corresponds to out-of-plane motion of hydrogen atoms in which the atomic displacement is perpendicular to the plane of the appropriate ring. There are three peaks in the biphenyl spectrum in the range 500-800 cm Ϫ1 that disappear upon the phase transition ͓Fig. 1͑a͔͒. The spectral range from 1100 to 1800 cm Ϫ1 includes in-plane hydrogen bending modes. Upon substitution with deuterium, hydrogen-related frequencies should decrease by some factor, which in an ''ideal'' case is &. From Fig. 2͑a͒ it is seen that there are two peaks, at 545 and 655 cm
Ϫ1
, that disappear in deuterated biphenyl. Relative to the hydrogen peaks at 679 and 790 cm Ϫ1 ͓Fig. 1͑a͔͒, the deuterium peaks are shifted downward by a factor less than &. The deviation from the ideal case is due to anharmonic effects as well as significant motion of the carbon atoms. In the observed spectra the strongest peaks were found to be due to out-of-plane hydrogen motion.
The pressure-dependent shifts of several out-of-plane hydrogen bending modes are plotted for biphenyl in Fig. 3 . In Fig. 4 we plotted the normalized intensities for two peaks that disappear after the phase transition, as a function of pressure. The intensity of the peak at approximately 836 cm Ϫ1 was chosen as a reference for the normalization. At a pressure between 0.07 and 0.4 GPa, the integrated absorbance of the peaks at 790 and 841 cm Ϫ1 drops to zero, to within experimental uncertainty. Our results are in agreement with those of Ref. 12 , which reported a phase transition at 0.18 GPa.
III. GROUP THEORY
To explain the disappearance of IR activity for certain vibrational modes, we applied group theory to analyze the normal vibrational modes of the molecules. The z-axis in our analysis is directed along the main axis of the molecule, the x-axis is in the molecular plane for the planar conformation, and the y-axis is perpendicular to the plane. A schematic diagram of biphenyl in its twisted conformation is shown in Fig. 5͑a͒ . , and B 3g modes, which are IRinactive. This disappearance of certain IR absorption peaks is in qualitative agreement with our experimental observations. In our previous work, we proposed two models. 18 The first model assumed that there are only nearest-neighbor or next-nearest-neighbor interactions between hydrogen atoms. From this assumption, it follows that certain IR modes would be degenerate. In the case of biphenyl, there would be three peaks that disappear in the IR spectrum, two B 1 modes and one B 3 mode. In the twisted conformation, B 1 modes induce a dipole moment along z-axis. In the second model, the disappearing modes are assumed to belong to either B 2 or B 3 representations, which have induced dipole moments along the y-and x-axis, respectively. Such modes would have greater intensities than the B 1 modes, due to the larger induced dipole moments. As shown in the next section, our calculations tend to support the second model.
In Fig. 5͑b͒ , one of the B 3 modes is shown schematically. The cross sections of the phenyl rings are represented as rectangles and the dipole moments, induced by the motion of hydrogen atoms, are shown by the arrows. In the twisted conformation, the mode has a net induced dipole moment in the x-direction. In the planar conformation, the dipoles exactly cancel, so that the mode is IR-inactive.
IV. NUMERICAL ANALYSIS
Ab initio calculations are used extensively to model molecular and atomic systems. Some recent calculations of the biphenyl structure can be found in Refs. 23 and 24. We also performed ab initio calculations in order to simulate the IR spectra of biphenyl and deuterated biphenyl, using GAUSSIAN 98W. 25 We used the density functional theory ͑DFT͒ Becke 3-parameter method 26 with the Lee-Yang-Parr correlation functional and the basis set 6-31G(d), which adds d-orbitals to heavy atoms. The results of our calculations are consistent with those of Rubi et al. 23 and Furuya et al. 24 For the twisted structure, the calculated dihedral angle between two phenyl rings is 38°for biphenyl and 35°for deuterated biphenyl. Electron diffraction experiments on biphenyl in the gas phase yielded a dihedral angle of 40°, in good agreement with our calculations. 27 Numerical optimi- zation of the geometric structure of the molecules yields a configuration that belongs to the C 2 point group. This low symmetry is due to a distortion of the phenyl rings. However, the deviation from planarity in each phenyl ring is very small. To a good approximation, we can consider this molecule as belonging to the D 2 point group, and our previous group-theory analysis remains valid. The vibrational spectra calculations were made with the symmetry restricted to the D 2 point group. The planar conformation of the molecule, belonging to the D 2h point group, turns out to be stable during the calculations. One of the calculated frequencies is imaginary, however, indicating that the planar configuration is not a minimum on the potential energy surface. A correspondence was made between vibrational modes in the planar and twisted conformations by examining similarities in the character of motion, reduced mass, frequency, and IR intensity for any given pair of modes. Frequencies that are IR-active in the twisted conformation but IR-inactive in the planar conformation, as predicted by this computation for the twisted conformation of biphenyl, are listed in Table I together with the experimental results. The frequencies for vibrational modes in deuterated biphenyl are given in Table  II . In biphenyl, we did not observe hydrogen in-plane modes because the frequencies of those modes lie within the diamond absorption band. In deuterated biphenyl, however, these modes are shifted downward in frequency and therefore become observable. In both tables the intensity normalization was carried out with respect to the highest-intensity peak. In order to illustrate the disappearance of IR-active peaks, the calculated intensity of two peaks at 715 and 797 cm Ϫ1 is plotted as a function of dihedral angle between the phenyl rings ͑Fig. 6͒. The outlying data point at 38°is probably due to the fact that all other angles correspond to nonoptimal structures. The experimental intensities and frequencies approximately match the theoretical ones, with the exception of the experimental peak at 840.7 cm Ϫ1 for biphenyl. According to Fig. 3 , there is a possibility that this peak simply merges with the peak at 836 cm Ϫ1 , and is not in fact a ''disappearing peak.'' The average ratio of experimental to calculated frequencies for biphenyl and deuterated biphenyl In Tables I and II the characters of the vibrational modes are described briefly. ''H out-of-plane'' corresponds to the hydrogen atoms moving perpendicular to the plane of a phenyl ring. ''H in-plane'' corresponds to the hydrogen atoms moving in the plane of a phenyl ring. ''C-H in-plane'' means that carbon atoms are moving significantly as well. The same descriptions apply for the deuterium atoms. ''Ring distortion'' indicates that carbon atoms are moving in or out of the phenyl-ring plane together, but asynchronously with the deuterium atoms. Calculations of the normal modes indicate the induced dipole moments are directed predominantly perpendicular to the z-axis. Exceptions to this rule include the calculated B 1 modes for biphenyl and deuterated biphenyl, at 1116.1 cm Ϫ1 ͑Table I͒ and 784.3 cm Ϫ1 ͑Table II͒, respectively.
Thus the calculations are consistent with the experimental results and support the second model proposed in Ref. 18 , which stated that the disappearing peaks are B 2 and B 3 modes. The first model, in which only nearest-and secondnearest neighbor interactions were taken into account, can be eliminated.
V. CONCLUSIONS
In conclusion, experiments on the vibrational properties of biphenyl showed that these molecules flatten under pressure, resulting in the disappearance of specific IR peaks. Using numerical calculations we were able to evaluate the frequencies of molecular vibrations and identify the nature of those modes that disappear upon planarization. The close correspondence between the calculated and experimental spectra indicates that the majority of these vibrational modes have induced dipole moments that are perpendicular to the main axis of the twisted molecule.
